Abstract. Three dimensional (3D) imaging of the tympanic membrane (TM) has been carried out using a traditional otoscope equipped with a high-definition webcam, a portable projector and a telecentric optical system. The device allows us to project fringe patterns on the TM and the magnified image is processed using phase shifting algorithms to arrive at a 3D description of the TM. Obtaining a 3D image of the TM can aid in the diagnosis of ear infections such as otitis media with effusion, which is essentially fluid build-up in the middle ear. The high resolution of this device makes it possible examine a computer generated 3D profile for abnormalities in the shape of the eardrum.
Introduction
Ear infection or otitis media (OM) is common in children and if untreated can lead to hearing loss, perforation of the tympanic membrane, developmental delays and even meningitis (1). A common consequence of OM is otitis media with effusion (OME) which is essentially fluid build-up in the middle ear. A negative pressure may occur under other conditions like Eustachian tube dysfunction leading to a retracted TM with fluid (2) . This retraction is often not accurately detected by visual examination and leads to incorrect diagnosis. Current diagnosis is carried out by a preliminary visual inspection using an otoscope, which is essentially a magnifying glass with a speculum. In the likelihood of an infection, a tympanometry exam is carried out that measures the stiffness of the TM. There are a few existing ear imaging tools that claim to detect the presence of fluid but none are in clinical practice due to their inaccurate diagnoses. There are no compact, hand held devices that can be utilized at a primary care setting to ascertain the presence of infection or fluid.
In this regard, topographical imaging of the TM appears to be a promising approach to ascertain the presence of fluid. A bulge or retraction of the TM can be imaged with 3D reconstruction techniques. There have been earlier reports of 3D imaging of the TM using digital holographic methods which studied the mechanical properties of the TM (3-7). However, holographic imaging is extremely sensitive to environment vibrations and is impractical in a clinical setting.
There has been a recent report of a light field otoscope that demonstrated 3D imaging on TM phantoms (8) . Moiré interferometric measurements have also been used to determine the shape and derive geometrical parameters of the human TM (9) (10) (11) . Optical coherence tomography (OCT) is another technique which can provide microscopic level features of the TM (12) (13) (14) .
Recent reports have shown that OCT based methods can detect the formation of bio-films (15).
However, OCT requires a sophisticated optical setup and may not be feasible for a portable, costeffective solution. Additionally, most of the above mentioned approaches have been attempted only on animal test subjects or post-mortem specimens.
We present for the first time, to our knowledge, 3D topographical images of a human TM using a hand held device. We have designed and developed an otoscope that is capable of carrying out visual examination and can simultaneously image the curvature of the tympanic membrane. This device uses structured light illumination with phase shifting algorithms to detect the curvature of the tympanic membrane. Depth features in the order of 25 µm can be resolved with our device.
Hence, small changes in the curvature of the TM can be detected providing clinicians with an additional visualization tool to support their diagnosis. The form factor of the device is similar to that of a conventional otoscope making it compact and portable as compared to holographic or optical coherence tomography techniques (16) . The operation of the device does not require any additional training for interpretation and hence can be seamlessly adopted by clinical practitioners.
Methods
The TM has adequate reflection characteristics in the visible spectrum to make optical imaging effective. Optically, the TM is a translucent diffuser but reflects a small amount of light. There have been reports on the diffuse optical reflectance properties of the TM which concluded that indeed the reflectance is higher in the 400-600 nm wavelength range of the visible spectrum (17, 18) . Therefore, if we project white light pattern on the TM, diffuse reflections can be captured by a camera. This makes possible to apply structured light techniques to recover its 3D shape.
Optical design
A portable LED projector was utilized for projecting structured light on the TM and the light was channeled into the ear canal using a mirror within the otoscope head as shown in Fig. 1(a) . A sequence of optimized fringe patterns were projected on the TM and the reflected light from the TM was collected in the 8x telephoto lens arrangement whose output was coupled to a 1080p HD webcam with a resolution of 1920x1080 pixels as shown in Fig. 1(a-c) . Due to a short focal length lens in combination with the telephoto lens, the focal plane of the optical system was approximately 1 cm from the tip of the speculum. This arrangement was ideal to capture the entire TM and magnify it to full sensor coverage. Fringe projection methods generally rely on a triangulation scheme for maximal effectiveness in determination of depth. In our setup, triangulation was carried out by intentionally misaligning the optical axis of the webcam and the projection system as shown in Fig. 1(a) . This allowed the fringe projection method to work efficiently in determining the depth. Given all the parameters of the system, depth variations in the range of 20 µm can be ranged by our device. 
Ear Phantom
An Enasco Life/form® diagnostic and procedural ear trainer was used as an ear phantom. This trainer is anatomically accurate and the pressure in the middle ear can be varied using a tube attached to a syringe as shown in Fig. 2(a-c) . The ear drum cartridge can be detached and filled either with air, water or water with a thickening agent to mimic different fluids in the middle ear. 
Fringe projection and phase shifting
To obtain the 3D shape of the TM, we projected five phase-shifted fringe patterns using the modified otoscope shown in Fig. 1 and captured the reflected images. The intensity of these images was modeled in the following way:
; where ( , ) a x y is the background illumination, ( , ) b x y the contrast, ( , ) xy  the modulated range of the TM (in radians) and ( , ) xy  the fringe pattern frequency or carrier (19) .
Note that the phase-shifting introduced is of /2  radians. Figure 3(a) shows the phantom object we used for testing and Fig. 3 (b-e) shows the images of the projected fringe patterns captured by the camera attached to the otoscope. To mask the region where the fringes are visible in these images, we applied an automatic segmentation that uses the response of the phase-shifting algorithm utilized to recover the fringe's phase. For these purposes we combined the five images of Eq.
(1) to obtain the analytic response in the following way:
where, 1 i   . Equation (2) is the complex output of a 5-step quadrature filter tuned at 2  radians (19) . In this equation, the dependence ( , ) xy of the intensities is not explicitly shown for simplicity. Having this complex field ( , ) f x y , we used it to find the region of the visible fringes to mask the TM. To do this, the magnitude of Eq. (2) was taken as, ( , ) ( , )
This magnitude is the response of the combination used in Eq. (2) For the images that were captured by the device, 5 iterations were enough to obtain the segmentation as expected. The number of iterations depends on the visibility of the fringes. We expect the same visibility when we look into the ear canal since there are no light sources other than the fringe projector. However, if the optical system or the illumination source changes, the number of iterations required for segmentation will need to be adjusted. An example of the output of this process is shown in Fig. 4(a-b) .
Given the binary mask ( , ) m x y from the previous procedure, we segmented the region of interest and estimated the local frequencies ( , ) xy  on that region. For this, the phase of the 5-step quadrature filter given in (2) was taken as,
x y
Then, the frequency along x was estimated in the following way: 
being 1  the 1 L norm, that is, the absolute sum of its elements. In a similar manner, the frequency along y was estimated as follows, 
x  and x  are the first order difference operator along x and y modulo 2 , respectively. It is necessary to take the phase differences modulo 2 since the phase recovered by (4) is wrapped.
Once the spatial frequencies ( , ) xy  were estimated, the range of the object under test was obtained as, 
As this operation gets the phase wrapped, to obtain the range correctly we applied a phase unwrapping algorithm that was demonstrated by Estrada et al. (22) .
Results
Results obtained on phantom test samples that mimic a bulged and retracted TM are shown in Height profiles in Fig. 5(c-d) indicate a bulge in the surface of the cartridge due to positive pressure asserted by the syringe. Similarly, Fig. 5(g-h) shows a retraction due to negative pressure created by the syringe. Our prototype does not obtain the range in length units (microns) since the parameters of the projection system vary from test to test. A further discussion of this subject is presented in the next section.
Once the performance of the device was tested on TM phantoms, tests were carried out on a volunteer test subject as shown in Fig. 2(d) . The device was inserted into the ear canal and positioned such that the TM was in focus (Fig. 2(e) ). A sequence of fringes was projected on the TM and the reflected images were acquired after adjusting the exposure of the camera. Samples that were collected using the device on a healthy test subject show an expected 3D morphology of the TM as shown in Fig. 6(a-g ).
The obtained 3D shape of the TM is similar to a conical cup which lies tilted with respect to the long axis of the ear canal as shown in Fig. 6(a-b) . Cross-sectional profiles of the TM viewed from different perspectives are shown in Fig. 6(d-e) for a comprehensive description of the curvature of the TM. This is in agreement with earlier reports of 3D imaging of the TM which were carried out by several methods (23, 24) . Holographic measurements on post-mortem human or cat samples show that the TM has a cup like shape with the maximum depth of about 2-3 mm. 
Discussion
Diagnosis of ear infections is subjective due to the lack of imaging tools that are easily accessible. The device presented here can be used as a tool that adds an additional dimension to the otoscope used by physicians to aid in their inspection and diagnosis. In the past, there have been no imaging modalities that can image the TM and provide additional parameters to analyze in-vivo. 3D imaging provides a comprehensive view of the TM and can detect the presence of fluid or retraction in a quantitative manner after calibration. For a more realistic application scenario there are a few design parameters that need to be considered. Since a phase-shifting approach is being employed to recover the 3D shape, speed of acquisition is crucial as data needs to be captured with motion in a realistic scenario. However, in our case it is almost impossible to take the five phase-shifted fringe patterns without any displacement, therefore, when recovering the phase we have detuning distortions (25) . To minimize these sorts of distortions, we try to reduce the data acquisition time. Data acquisition in our case takes about 1.5s (to take all 5 images). Once the data is acquired, the processing time is negligible. To enhance the visibility of the fringes, exposure time of the captured was adjusted so that the images had a good contrast and at the same time the acquisition, synchronized with the fringe projector, is fast enough. In future, image stabilization will be necessary to minimize noise.
Currently the device can provide a quantitative description of the TM in phase units. Even though there is a direct correlation of phase with depth, a consistent conversion is difficult to arrive at. The problem with the calibration of this projection system is that its triangulation parameters (projection angle and camera-projector baseline) are not constant. As is known, fringe projection systems use the triangulation parameters to translate from radians to lengthunits. In this portable projection system, the position angle to project the fringes depends on the particular conditions of each individual's ear canal. This makes almost impossible to maintain the same projection angle on each test and obtain a consistent radians to length-units translation.
However, an attempt has been made to determine the sensitivity of our projection system with the help of known depths and analysis of obtained phases. Supplementary Figure S1 suggests that it may be possible to provide an active calibration based on imaging known depths (Please see Supplementary Information). There is a proportional relationship between phase and height as can be seen in the 3D reconstructions of several spacers with a height difference of 25 µm.
Height differences in the range of 25 µm can be easily distinguished with our device. This will enable the device to resolve small changes in the curvature of the TM as result of a fluid build-up in the middle ear.
Conclusion
We demonstrated a fringe projection otoscope to image 3D morphology of the TM. A device is capable of providing a high resolution depth map of the TM which may be beneficial in determining the presence of fluid in the middle ear. The device has a form factor that is similar to existing otoscopes, can be operated with ease, is inexpensive and can be readily integrated into clinical practice. Furthermore, we envision that the device can be used in settings that do not require a skilled operator. The differences in the height for the spacers were 25 µm which is easily distinguished in the Fig.   S1 .
